sessment Randomized Protocol (SHARP) and Asia-Pacific studies [1, 2] . In 2007, sorafenib was approved in the EU and USA, where it became a first-line agent for unresectable advanced HCC. Transarterial chemoembolization (TACE) is the first-line treatment option for intermediate-stage HCC [3] [4] [5] [6] ; however, repeated TACE sessions tend to impair liver functional reserve. Reducing the frequency of TACE, which is generally repeated upon tumor progression, is a challenging issue in the treatment of patients with intermediate-stage HCC. To address this issue, previous trials combined molecular targeted agents with TACE; however, the safety and efficacy of this combination could not be demonstrated, and none of the combination therapies is currently recommended.
rence and progression by inhibiting hypoxia-induced angiogenesis. In addition, the detrimental effect on liver function may be suppressed by reducing the frequency of TACE. Sorafenib combined with TACE is expected to improve the survival of patients with intermediate-stage HCC, which is the goal of TACE, by extending the time to progression (TTP) to the advanced stage while maintaining liver function [8] .
The Post-TACE Study
Background TACE is used as a first-line treatment for unresectable HCC; however, the procedure is hardly curative in clinical practice and needs to be repeated multiple times. Repeated TACE may promote the deterioration of liver function. Based on the apparent role of angiogenesis and the upregulation of vascular endothelial growth factor (VEGF) associated with tumor recurrence after TACE, a study was designed with the objective of delaying the recurrence of HCC and prolonging OS by administering sorafenib after TACE. Sorafenib is an inhibitor of several tyrosine kinases involved in the growth of tumor cells and angiogenesis, such as Raf, VEGF receptor, and platelet-derived growth factor (PDGF) receptor. This placebo-controlled phase III study designated the Post-TACE study was conducted in Japan and Korea [9] .
Methods
Patients with unresectable HCC and Child-Pugh A liver function who had imaging findings of objective treatment response (complete response or partial response) at 1-3 months after TACE were included. These patients were randomly assigned to 2 groups for sorafenib or placebo administration. The primary and secondary endpoints of the study were TTP and OS, respectively.
Results
A total of 458 patients (387 from Japan and 71 from Korea) were registered to the study between April 2006 and July 2009. These patients were randomized to the sorafenib ( n = 229) or placebo ( n = 229) arms. The median TTP, the primary endpoint of the study, was 5.4 and 3.7 months in the sorafenib and placebo groups, respectively (HR 0.87 [95% CI 0.70-1.09]; p = 0.252) ( Table 1 ). The median OS, the secondary endpoint of the study, was 29.7 months in the sorafenib group, whereas a median value was not reached in the placebo group (HR 1.06 [95% CI 0.69-1.64]; p = 0.790). A subanalysis in Japanese patients showed that the median TTP was 3.9 and 3.7 months in the sorafenib and placebo arms, respectively, with a HR of 0.94 and no significant intergroup difference. In Korean patients, however, the HR was 0.38 and TTP was clearly longer in the sorafenib group.
Possible Reasons for Failure
In this study, the primary endpoint TTP did not differ significantly between the groups. One possible reason for this is the timing of sorafenib administration. TACE promotes the production of VEGF by triggering ischemic conditions. Therefore, for sorafenib to produce the expected effects, it may be necessary to inhibit angiogenesis occurring soon after TACE. However, because the study included only patients who responded to TACE, approximately 60% of the patients in the sorafenib group underwent drug treatment 9 weeks after TACE. This long waiting period might have contributed to the loss of the additive effect of sorafenib.
In addition, the mean daily dose in the sorafenib group was as low as 386 mg because of many cases of dose reduction (73%) and interruption (91%). By contrast, the mean daily dose of sorafenib was 797 mg in the SHARP study, and the occurrence of dose reduction (26%) and interruption (44%) was low. In the Asia-Pacific study, the mean daily dose of sorafenib was 795 mg, with a low occurrence of dose reduction (31%) and interruption (43%), and the study outcomes were markedly different from those of the Post-TACE study. The Post-TACE study was conducted before the results of the SHARP study were revealed to be positive, and Japanese patients did not participate in the SHARP or Asia-Pacific study; therefore, physicians in the Post-TACE study who may have been unfamiliar with the management of the side effects of sorafenib, especially hand-foot skin reaction, used the drug at low doses and short duration, resulting in poor treatment outcomes.
Although no significant intergroup difference was observed between Japan and Korea, significant differences in TTP were observed between Korea and Japan. This could be attributed to the considerably longer treatment duration in Korean patients than in Japanese patients (median 31 vs. 16 weeks), which generated a good HR. Furthermore, patient backgrounds were different between the 2 countries, with a higher proportion of elderly patients and a greater number of lesions in Japanese than in Korean patients. 
Background
Brivanib inhibits the signal transduction pathway of fibroblast growth factor receptor in addition to the VEGF receptor, and its mechanism of action is, therefore, different from that of sorafenib. Based on the action of brivanib, a phase III study was designed to investigate the efficacy and safety of the drug as an adjuvant therapy to TACE in patients with unresectable HCC [10] .
Methods
At 83 institutes in 12 countries, a total of 502 patients were treated with TACE and randomly allocated to receive brivanib ( n = 249) or placebo ( n = 253). The period between TACE and drug administration ranged from 48 h to 21 days. TACE was repeated in patients receiving insufficient treatment and in those showing tumor progression or the development of a new lesion. Drug administration was stopped 2 days before the second or later TACE session and was resumed 3-21 days after TACE. The primary endpoint was OS, and secondary endpoints were time to disease progression, which is a composite endpoint, time to extrahepatic spread or vascular invasion (TTES/VI), and the number of TACE sessions. In the study, extrahepatic metastasis/spread, vascular invasion, death, exacerbation to Child-Pugh C, and a reduction in performance status by 2 points were defined as disease progression. 
Results

Between
Possible Reasons for Failure
The survival benefit of brivanib was not demonstrated in a phase III trial comparing OS noninferiority between brivanib and sorafenib as a first-line treatment for unresectable advanced HCC (the BRISK-FL study) and another phase III study that compared brivanib and placebo as a second-line treatment following sorafenib (the BRISK-PS study). Consequently, the BRISK-TA study was terminated 2 years earlier than originally planned, after enrolling only 502 patients, which was a markedly smaller cohort than the originally planned 870 patients. Although the primary endpoint OS did not differ significantly between the groups, TTES/VI, TTP, and response rate were significantly different, suggesting that brivanib delays tumor progression and metastasis. Because of the early termination of the study, in addition to patients, the number of deaths (needed to calculate the primary endpoint OS) was 164, accounting for 32% of the initially anticipated number of deaths (520). This early termination also makes evaluation of drug efficacy difficult; however, the intergroup differences in TTES/VI and TTP, as well as the reduced number of TACE sessions, suggest that brivanib had a positive anticancer effect. If the study had been continued, it might have met its primary endpoint of prolonging overall survival.
The SPACE Study
Background
The SPACE study, which involved the use of drugeluting beads loaded with doxorubicin (DEBDOX), was conducted at 85 institutes in 13 countries, but not in Japan. This phase II study investigated the safety and efficacy of TACE with doxorubicin-eluting beads (DEB-TACE) combined with sorafenib or placebo in patients with unresectable intermediate-stage (BCLC stage B) HCC. Based on the findings of the Post-TACE study indicating that VEGF production is upregulated in response to TACE-induced ischemia, which suggests that early administration of sorafenib is necessary, in the SPACE study, TACE was performed after the initiation of sorafenib treatment [12] .
Methods
Patients registered at 85 institutes in 13 countries were randomly allocated to receive sorafenib or placebo. Sorafenib or placebo was administered 3-7 days before DEB-TACE. After the first DEB-TACE, the second and latter DEB-TACE procedures were performed at 3, 7, and 13 months and every 6 months thereafter. The primary endpoint was TTP, and the secondary endpoints were OS, TTES/VI, time to untreatable progression (TTUP) by TACE, and safety. The criteria for untreatable progression by TACE were defined as the occurrence of vascular invasion or extrahepatic spread, sustained ascites, ChildPugh class B, Eastern Cooperative Oncology Group (ECOG) performance status score of ≥ 2, and platelet count of <60,000/μL. A 1-tailed test was used to analyze the differences between the groups, with significance set at 15% (α = 0.15).
Results
Of 307 patients, 154 received sorafenib and 153 received placebo. The median TTP, the primary endpoint of the study, was 169 and 166 days in the sorafenib and placebo groups, respectively, thereby achieving the primary endpoint ( Comparison between Asian and nonAsian patients showed that the proportion of Asian patients who underwent DEB-TACE once was 24.1% in the sorafenib group and 22.0% in the placebo group, and among non-Asian patients it was 42.4% in the sorafenib group and 17.8% in the placebo group. TTP in Asian patients was 24 months in the sorafenib group and 16.1 months in the placebo group, and TTP in non-Asian patients was 25.0 months in the sorafenib group and 24.0 months in the placebo group.
Possible Reasons for Clinically Unmeaningful Results
The SPACE study achieved the primary endpoint of TTP; however, no significant difference was observed in the secondary endpoint of OS. Similarly, TTUP did not show significant differences or was considerably shorter in the sorafenib group, inconsistent with the outcome initially anticipated. In this study, DEB-TACE was performed at 3, 7, and 13 months and every 6 months thereafter using the method-designated scheduled TACE, in which TACE is performed at fixed intervals. Even when intrahepatic lesions responded favorably to TACE, unnecessary repetition of TACE might have impaired liver function or increased the side effects of sorafenib. Unlike scheduled TACE, TACE is performed when needed in Japan using a method designated "on-demand TACE."
In this study, many patients had fewer TACE sessions, which may have occurred because the criteria for TACEuntreatable progression were not appropriate. Although 131 vascular invasion and extrahepatic spread are adequate criteria, Child-Pugh B, sustained ascites, and a platelet count of <60,000/μL may not indicate that patients are untreatable with TACE. The Japan/Korea Post-TACE study suggested that sorafenib might extend TTP if sorafenib is administered for a long period of time; however, in the SPACE study, sorafenib administration was terminated early based on the criteria for TACE-untreatable progression.
In addition, treatment duration of sorafenib was too short, i.e., only 21 weeks. In Asian patients, median treatment duration of sorafenib was 30 weeks, resulting in a favorable HR of 0.720 ( p = 0.078), whereas in non-Asian patients, median treatment duration of sorafenib was just 17.4 weeks, resulting in a poor HR of 0.865 ( p = 0.243). This implies that treatment duration is very important in the TACE combination trial similar to the Post-TACE study.
ORIENTAL Study
Background A phase I/II study showed promising efficacy and safety of orantinib, a molecular targeted agent that inhibits VEGF, PDGF, and fibroblast growth factor receptors in patients with advanced HCC [13] . In light of the promising outcomes, a phase II study was conducted to evaluate the efficacy of combination therapy with TACE and orantinib. The results showed improved progression-free survival (PFS), the primary endpoint of the study, suggesting the additive effect of the combination of orantinib and TACE [14] . Accordingly, a phase III (ORIENTAL) study was conducted in Japan, Korea, and Taiwan [15] .
Methods
Between December 2010 and November 2013, 889 patients with unresectable HCC were registered at 75 institutes located in the 3 countries and subsequently allocated to receive orantinib or placebo. The primary endpoint was OS, and the secondary endpoints were time to TACE failure (TTTF), time to treatment failure, and safety.
Results
Of 889 patients initially registered, 1 withdrew and the remaining patients were allocated to receive orantinib ( n = 444) or placebo ( n = 444). Follow-up was initially planned to continue until November 2016; however, the study was terminated after an interim analysis based on the recommendation of the Data Monitoring Committee, which provides independent assessment of efficacy and safety, because data analysis suggested that the primary endpoint of the study (OS) would not be achieved. ; p = 0.245). In addition, the median TTTF in patients with a low level of VEGF-C was 25.5 and 18.4 months in the orantinib and placebo groups, respectively (HR 0.695; p = 0.0196).
Possible Reasons for Failure
OS, the primary endpoint of this study, did not differ significantly between the groups, whereas TTTF was significantly extended in patients with low levels of VEGF-C in the orantinib group. Additionally, orantinib tended to prolong OS in patients with BCLC stage B HCC, which is a recommended indication for TACE. The study was terminated early because of the interim analysis results that orantinib had no survival benefit in combination with TACE. Because patients with unresectable HCC were targeted in this study, patients with BCLC stage B HCC, the conventional indication for TACE, accounted for only 50% of all patients. The remaining subjects were BCLC stage A or C. Intergroup comparison after excluding patients with BCLC stage B HCC revealed that OS was poor in the orantinib group, which might have worsened the OS of the entire orantinib group.
Comparison of OS between patients with and without orantinib dose reduction showed that OS was significantly prolonged in patients with dose reduction, whereas OS was shorter in patients without dose reduction than in the placebo group. Comparison by country showed that the proportion of patients with dose reduction was approximately 50% in Japan, whereas only 30% of patients had dose reduction in Korea and Taiwan. Side effects were the primary reason for dose reduction in approximately 90% of patients, suggesting the importance of controlling drug adverse effects. OS tended to be prolonged in the orantinib group compared to the placebo group in Japan, whereas the opposite tendency was observed in Korea and Taiwan. This suggested that OS was longer in Japan because of the proper dose modification and adequate management of side effects.
The TACE-2 Study
Background Twenty institutes in England participated in this study, which aimed to clarify whether combination therapy with DEB-TACE and sorafenib suppresses tumor progression and extends OS [16] .
Methods
Patients were allocated to receive sorafenib or placebo, and DEB-TACE was performed within 2-5 weeks after administration of sorafenib or placebo. Subsequently, DEB-TACE was repeated when an additional TACE session was necessary based on imaging findings. The primary endpoint was PFS, and the secondary endpoints were OS and TTP.
Results
A total of 313 patients were registered for the study and randomized to the sorafenib ( n = 157) or placebo ( n = 156) arms. The median PFS per RESIST version 1.1, the primary endpoint of the study, was 7.9 months (95% CI 7.4-9.1) and 7. The authors concluded that these results, taken together with those from the SPACE trial, provide definitive evidence that DEB-TACE combined with sorafenib therapy does not improve outcome compared to DEB-TACE alone.
Possible Reasons for Failure
In this trial, no significant difference in PFS or OS was observed, showing no beneficial effect of sorafenib. DEB-TACE was repeated at the discretion of the physician, even before confirming the progression. Because progression was defined based on RECIST 1.1, sorafenib treatment was terminated at the point of appearance of new intrahepatic lesions. Therefore, it is possible that DEB-TACE was repeated before sorafenib could produce the anticipated benefit, rendering the study results insignificant. The appearance of new intrahepatic lesions does not always indicate that TACE or sorafenib is not effective and should be switched to another treatment option, because intrahepatic metastatic recurrence through the portal vein frequently occurs in HCC. This is a biological characteristic of HCC even after resection, ablation, or superselective TACE in cases in which HCC nodules are large (>2 cm) [17] . Therefore, the definition of progression in patients undergoing TACE based on RECIST 1.1 or mRECIST is not adequate.
Even in the absence of significant differences between patients treated with TACE alone and those treated with TACE combined with a molecular targeted agent, studies showed the antitumor effect of molecular targeted therapy in an adjuvant setting. However, the TACE-2 study did not show intergroup differences or an antitumor effect of sorafenib in the adjuvant setting. This was similar to the STORM study, which investigated the efficacy of sorafenib as adjuvant to resection or radiofrequency ablation and found no effect of sorafenib on suppressing recurrence as adjuvant therapy for HCC [18] . These findings suggest that concurrent administration of sorafenib has no effect on the suppression of disease progression based on RECIST and that TACE may be combined with more potent agents, such as immunotherapy or a drug causing a significant response in the tumor, such as lenvatinib [19] . Another possible explanation for the negative results is the trial design, especially the definition of progression. As stated earlier, progression based on RESIST 1.1 or mRECIST may not be adequate in trials of TACE combination therapies [12] .
Proposal of a New Primary Endpoint in TACE Combination Trials
In phase III studies evaluating the effects of cancer treatment, the primary endpoint is OS in principle. However, in previous combination studies with TACE, the median OS ranged from 18 months (shortest) to 32 months (longest) ( Table 1 ), suggesting that the duration of the study needs to be extremely long when evaluating OS as a primary endpoint. In clinical studies that are terminated early because of tumor progression or adverse effects, patients often receive various post-trial treatments, such as hepatic artery infusion chemotherapy [20] [21] [22] , ablation [23] [24] [25] , or systemic therapy [26] [27] [28] [29] . In such cases, post-trial treatment likely affects OS, making it difficult to evaluate treatment outcomes using OS, especially in studies of TACE in patients with intermediate-stage HCC.
Instead of OS, TTP/PFS is used as a primary endpoint in some trials; however, whether TTP/PFS based on RECIST is an appropriate endpoint in clinical trials of TACE combination therapies remains unclear. In general, TTP corresponds to the period between random-ization or the day of study initiation and disease progression. However, in patients treated with TACE, the procedure is often repeated before the tumor diameter exceeds the pretreatment diameter. Additionally, patients with indications appropriate for TACE often have multiple lesions and are likely to develop new ones, which leads to the question of whether a new lesion should be considered as PD.
In our previous study, we proposed a novel endpoint, "time to TACE progression (TTTP)," as a progressionfree period specific to patients treated with TACE and defined as the time from the initial TACE effect evaluation to progression [30] . TTTP was determined using images taken 1 month after TACE as baseline images and by designating PD as the time at which the sum of the diameters of the 5 largest tumors is larger than the baseline diameter by ≥ 20% or the time of appearance of extrahepatic spread or vascular invasion. TTTP is better suited for evaluating the effect of TACE in clinical practice. We also verified that TTTP is correlated with OS, suggesting that TTTP could be a surrogate endpoint for OS and a better primary endpoint than OS for use in clinical studies of TACE in combination with molecular targeted agents.
Conclusion
Many clinical trials investigated the efficacy of TACE combined with molecular targeted agents; however, none of them demonstrated an OS benefit of the combination strategy or even improved TTP/PFS. Nevertheless, these studies showed the antitumor effect of the molecular targeted agents as adjuvant therapy. It is important to consider the reasons for the negative outcomes of these trials and to carefully plan future clinical trials of combination therapy with TACE.
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